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BaFe2S3: A quasiunidimensional noncentrosymmetric superconductor
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Introduction. The spin-ladder compounds of the BaFe2X3 (X = chalcogen) family may be viewed as di-
mensional reductions—along stripelike motifs—of the two-dimensional iron-based pnictide planes extensively
studied since 2006. Remarkably, despite their reduced dimensionality, these materials retain the capacity for
unconventional ground states, exemplified by the emergence of superconductivity in BaFe2Se3 under applied
pressure beyond 10 GPa, following a structural phase transition at 4 GPa. Here, we report a comprehensive
investigation combining high-resolution single-crystal x-ray diffraction, infrared spectroscopy, and ab initio
calculations, which together elucidate the true crystallographic nature of this pressure-induced superconducting
phase. While x-ray diffraction alone reveals a symmetry lowering from the widely accepted orthorhombic Cmcm
group to a monoclinic structure, it lacks sufficient sensitivity to resolve the precise space group. By integrating
vibrational spectroscopy with density functional theory, we provide unambiguous evidence that the high-pressure
phase is noncentrosymmetric, adopting the polar space group P21. These findings not only revise the structural
assignment of BaFe2Se3 in its superconducting state, but also establish its noncentrosymmetric character—an
essential ingredient for potential unconventional pairing mechanisms—thereby opening different perspectives
on the interplay between lattice symmetry, dimensionality, and superconductivity in iron-based materials.

DOI: 10.1103/jzt8-3t2c

Unconventional superconductivity remains one of the most
emblematic quantum properties in solid-state physics, resist-
ing any consensus on a phenomenological or microscopic
model [1–3]. Initiated by the discovery of high-critical tem-
perature cuprates, this pursuit of elevated temperatures has
led to the exploration of new materials such as iron-based
pnictides, heavy fermion compounds, and, more recently,
nickelates [4]. While the mechanism behind Cooper pair for-
mation in these families remains elusive, there is a broad
consensus that understanding superconductivity requires in-
vestigating phases and orders neighboring the superconduct-
ing dome [5,6]. Indeed, to elucidate pairing mechanisms or
test proposed models, it is pertinent to observe the pres-
ence of competing or intertwined order parameters. This has
been done in particular in numerous quasi-two-dimensional
(2D) iron-based superconductors such as FeSe or BaFe2As2,
whose square-lattice planes and layered architectures have
been extensively studied both structurally and magnetically
[4,7–10]. These studies have revealed how structural and
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magnetic degrees of freedom, often intimately linked, evolve
upon approaching the superconducting dome via chemical
doping or applied pressure. Recently, new spin-ladder iron-
based systems have demonstrated superconductivity under
pressure. With a general formula of BaFe2X3 (X=S and Se),
they represent the first quasi-one-dimensional iron-based su-
perconductors devoid of a square-lattice motif [11,12]. The
quasi-one-dimensional character of these compounds orig-
inates from their two-leg ladder crystal structure and is
reflected in strongly anisotropic transport properties and low-
dimensional magnetic correlations [12–15]. In this context,
these two compounds offer a unique opportunity to investi-
gate how reducing dimensionality from 2D to 1D affects the
delicate balance between magnetism, structure, and supercon-
ductivity.

Consisting of two iron ladders per unit cell, the BaFe2Se3

and BaFe2S3 compounds were respectively reported to crys-
tallize in the Pnma and Cmcm space groups [16]. In the Cmcm
structure, the ladders, formed by edge-sharing FeX4 tetrahedra
along the c axis, are perfectly contained in the (a, c) plane,
whereas a tilt is observed in Pnma. Interestingly, BaFe2Se3

is reported to undergo a transition from Pnma to Cmcm
above 3 to 4 GPa [17], suggesting a common atomic structure
between the two compounds close to the superconducting
phase. This apparent universality of the neighboring phases
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of the superconducting dome is reinforced by the presence of
the same magnetic order, as measured by neutron diffraction
under pressure [18]. However, a more thorough investigation
of single crystals of BaFe2Se3, utilizing x-ray diffraction,
infrared spectroscopy, and ab initio calculations, revealed that
the actual space group at ambient pressure is Pm, a signifi-
cantly lower symmetry than the previously reported average
Pnma space group [19,20]. Understanding the symmetries at
play in these compounds is therefore crucial for comprehend-
ing their physical properties, especially since such symmetry
breaking can endow BaFe2Se3 with multiferroic behavior. An
even more intriguing possibility is that the loss of inversion
symmetry persists into the superconducting phase, placing
BaFe2Se3 within the rare class of noncentrosymmetric super-
conductors [21–23].

Until now, very limited information has been available re-
garding the crystallographic structure of the superconducting
phase itself, despite its crucial importance for understanding
the nature of superconductivity in this system. In light of the
ambient-pressure results, it is therefore essential to investigate
the structure of BaFe2Se3 in single crystals under combined
high-pressure and low-temperature conditions. In this Letter,
we present a study of BaFe2Se3 under pressure, combining
x-ray diffraction (XRD), infrared (IR) and Raman spectro-
scopies, and ab initio calculations. Our results reveal that the
high-pressure space group of BaFe2Se3 in the phase where
superconductivity emerges is P21. This symmetry establishes
BaFe2Se3 as one of the very few known examples of a quasi-
one-dimensional noncentrosymmetric superconductor.

Experimental methods. Single crystals of BaFe2Se3 were
grown using the self-flux method as described in Ref. [19]. We
emphasize that the samples used in this study originate from
the same batch that was extensively characterized in previous
works. Compositional uniformity was verified by energy-
dispersive x-ray spectroscopy (EDX), showing a nominal
stoichiometry within 2% uncertainty (see the Supplemental
Material of Ref. [19]), and scanning electron microscopy
(SEM) confirmed the absence of structural defects at the
microscale [24]. Although structural symmetry, particularly
noncentrosymmetry, can be sensitive to stoichiometry and
sample quality, no deviation from the reported supercon-
ducting composition or structure was detected. Despite the
absence of low-temperature resistivity measurements under
pressure showing superconductivity, we are confident that
the observed noncentrosymmetric structure corresponds to a
superconducting phase representative of this material fam-
ily. For each experiment, one or several single crystals of
BaFe2Se3 were loaded in a membrane-driven diamond anvil
cell (DAC), using a stainless steel gasket with pressure trans-
mitting media adapted to each technique (see details in the
Supplemental Material (SM) [25], and Refs. [26,27] therein).
The pressure inside the diamond anvil cell was measured
using the ruby fluorescence technique, yielding a 5% relative
accuracy on the pressure value [28]. XRD and IR reflectiv-
ity were performed on the CRISTAL and AILES beam line,
respectively, at synchrotron SOLEIL. Due to technical con-
straints associated with the cryostat used for measurements in
diamond anvil cells required for high-pressure experiments,
the lowest temperatures achieved were not identical across
techniques: 10 K for diffraction measurements and 50 K for

infrared spectroscopy. However, as shown in our previous
work at ambient pressure [20], phonon energies exhibit mini-
mal variation between 50 and 10 K.

Raman scattering experiments were performed at IMPMC
(Paris) using a 534 nm laser source with a fixed power of 80
mW in a backscattering geometry. Measurements were carried
out at 300 K, as the Raman signal is particularly weak in this
family of compounds already at ambiant conditions, consis-
tent with previous reports [29], preventing us from measuring
at both low temperature and high pressure despite several at-
tempts. Polarized Raman spectra were successfully measured
under pressure using well-defined scattering geometries, ex-
pressed in Porto notation as (a, a) and (c, c) configurations,
where both incident and scattered electric fields are aligned
along the crystallographic a and c directions, respectively (in
Cmcm notation).

The ab initio calculations were done using density func-
tional theory (DFT). In order to best account for the eletronic
correlation at the Fermi level, we used the hybrid B3LYP
functional [30] and a localized basis set. An atomic Gaussian
basis of 3ζ + P quality was used for the Fe and Se atoms [31].
The Ba atoms were represented using a relativistic core pseu-
dopotential of the Stuttgard group [32] and the associated
basis set where the diffuse functions exponents were taken as
1.2, as recommended by Scuseria et al. [33]. The calculations
were done using the CRYSTAL23 code [34]. The shrinking
factor was set to 8 × 12 × 4, resulting in a sampling net of 126
k points. The stripe spin ordering found in neutron scattering
experiments of BaFe2Se3 under pressure [18] was used in all
calculations.

X-ray diffraction. The most comprehensive study of struc-
tural properties in this compound is provided in Ref. [17],
where room-temperature x-ray data under pressure up to
50 GPa are provided. Between 0 and 3.5 GPa, Svitlyk et al.
propose a Pnma space group; between 3.5 and 16.6 GPa, a
Cmcm group; and above 16.6 GPa, an isostructural Cmcm
phase where the b axis collapses while the a and c ones
expand [17].

One should, however, remember that in these compounds,
diffraction measurements often lead to average structures,
rather than true space groups. Indeed, while at ambient pres-
sure x-ray results were suggesting a Pnma group [16,17],
our high-resolution x-ray and lattice dynamic investigations
clearly identified small symmetry breakings and the true space
group to be Pm.

We collected thousands of Bragg reflections at selected
pressure and temperature values; see details in the SM [25].

At 300 K, above the 3 to 4 GPa transition and up to 12 GPa,
our x-ray data confirm the reported [17] Cmcm space group,
as we observed no intensity on forbidden reflections [see
Fig. 1(b)].

At 10 K, the data collected at 5 and 12 GPa indicate that
the space group cannot be Cmcm. Specifically, we observed
intensities for (i) H + K odd, even for L = 0, indicating a
break in C centering and of the {m00z,

1
2

1
2

1
2 } glide mirror; (ii)

(H, 0, L) with L odd indicating a breaking of the c glide mirror
perpendicular to the b axis; (iii) no intensity on the (0, 0, L)
with L odd peaks; and (iv) a clear monoclinic structure with a
significant angle ≈103◦ and the unique axis along the c axis of
the Cmcm. As a consequence, the space group for BaFe2Se3
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FIG. 1. Reconstructions of the reciprocal space at 12 GPa, (a) at
low temperature in the (H,0,L) plane perpendicular to the ladders in
the monoclinic setting and (b) at ambiant temperature in the (H,K,0)
plane perpendicular to the ladders in the Cmcm setting. Insets show
the lattice unit in red with the direct lattice vectors in their respective
settings.

at high pressure and low temperature should be either P21/m
or P21, with the unique axis along the c axis of the Cmcm (see
the SM [25] for a detailed symmetry analysis).

We refined the structure for both space groups using JANA

software [35]. The refined structures at 5 and 12 GPa at 10 K,
in the superconducting phase, are reported in the SM [25]. The
refinements yielded similar results for both space groups, with
agreement factor values (Robs) of 6.81 (P21/m) and 6.33 (P21)
at 5 GPa, and 3.77 (P21/m) and 3.76 (P21) at 12 GPa (see the
SM [25] for details). Although Robs is marginally better for
the P21 space group, the difference is within the margin of
uncertainty, making it unreasonable to definitively assert this
space group as the actual space group based on these grounds
alone. To resolve this ambiguity, we performed geometry
optimization using DFT. However, similarly to XRD, it was
impossible to conclude as no significant energy lowering was
observed in the P21 group. We then examined the lattice
dynamics using infrared and Raman spectroscopy, comparing
the results with ab initio calculations.

Lattice dynamics. We measured the pressure evolution of
the IR reflectivity at 50 K for two configurations of the in-
cident polarization: with the electric field aligned along the
a or c direction (in Cmcm notation). In the centrosymmetric
Cmcm phase, infrared-active phonons transform according to
the B1u, B2u, and B3u irreducible representations. Within the
conventional Cmcm setting, these modes are associated with
electric fields polarized along c (B1u), b (B2u), and a (B3u),
respectively. As a consequence, our infrared measurements
probe only the B1u modes for E ‖ c and the B3u modes for
E ‖ a, while the B2u modes polarized along b are not accessi-
ble in our experimental geometry.

At low pressure, we resolved the phonons previously
published [20] and observed the expected hardening under
pressure up to 4 GPa. It was associated with a decrease in
amplitude, likely due to the progressive metallization already
reported [12].

Above the 4 GPa transition, there is a substantial increase
in the optical conductivity, resulting in an elevated baseline for
the reflectivity, making it a challenge to discern the phonons.
Consequently, only the most intense phonons remain visible
and can be fitted. In Figs. 2(a) and 2(c), we present a map of
the reflectivity evolution as a function of pressure, to facilitate
the visualization of the phonons and their pressure-induced
changes. This approach helps distinguishing phonons from

FIG. 2. (a),(c) Reflectivity of BaFe2Se3 as a function of energy
and pressure for E ‖ c (B1u) and E ‖ a (B3u) in the Cmcm setting,
respectively. The value of the reflectivity at 310 cm−1 has been sub-
tracted to remove the baseline shift due to progressive metallization.
(b),(d) Selected reflectivity at 2 GPa (blue line) and 5 GPa (red line)
for both polarizations. The fit of the reflectivity is represented by the
black line, and the difference between the data and the fit is shown
in the corresponding color. Arrows indicate the positions of the fitted
phonons.

baseline oscillations. The phonons shift in energy with pres-
sure, while the experimental artifacts, such as oscillations,
remain at the same energy.

In Figs. 2(b) and 2(d), we depict the reflectivity at 2 and
5 GPa for both polarizations, fitted with the standard Drude-
Lorentz model, where the dielectric function is expressed as
the sum of harmonic oscillators [20]. The extracted phonon
frequencies are reported in Table I for the 2 and 5 GPa
measurements.

At low temperature and high pressure, where the mono-
clinic symmetry is stabilized, the possible centrosymmetric
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TABLE I. Frequencies (cm−1) of optical phonons in the P21/m
and P21 space groups, obtained from DFT calculations and IR mea-
surements at 50 K. Only the DFT modes with frequencies above
80 cm−1 are listed. See the SM [25] for a complete description. The
italicized IR mode at 284 cm−1 cannot be assigned to any computed
one. In the Cmcm setting, c and a are along the leg and the rung of
the ladders. The star indicates a phonon visible on the IR raw data
(see Fig. 2), but that could not be properly fitted. This value is an
estimation leading to larger uncertainty.

P21/m P21

DFT IR DFT IR DFT IR DFT IR
Au E ‖ c Bu E ‖ a A E ‖ c B E ‖ a

81 87 80 87
90 93 85 89
104 94 96 90 92
122 113 106 94 95 96
157 132 101 99
181 139 104 106
209 210 151 109 113 122
215 184 122 130
226 201 210 124 140
233 233 132 151
252 267 251 142 157

284 269 *266 156 181
280 280 179 184
298 187 201
320 204 210 210

208 210 217
216 227
226 233
232 251
233 268 *266
252 279 280
255 299
273 267 320
275
292 284
315

space group is P21/m. In this case, infrared-active modes
transform as Au and Bu. For an electric field polarized along c
(defined with respect to the parent Cmcm axes), the infrared-
active modes belong to the Au representation, while for E ‖ a,
they belong to the Bu representation. Raman-active modes in
the P21/m group transform as Ag and Bg. However, since our
Raman measurements are performed in configurations where
the incident and scattered light polarizations are parallel, only
Ag modes are expected to be observed.

We also performed Raman spectroscopy at ambient tem-
perature. As noted in previous Raman scattering studies on
these samples, the signal-to-noise ratio is particularly de-
graded for this family of systems [29] and it worsens at
high pressure due to the increased metallicity. After several
attempts, we successfully measured the Raman spectra for
two configurations of polarization with both the incoming and
outgoing electric fields aligned along the a and c directions,
respectively, corresponding to the rungs and the legs of the
ladders in Cmcm notation.

FIG. 3. Raman spectra of BaFe2Se3 at 1.6 (blue line) and 4.8 GPa
(red line) at 300 K for both polarizations of the incident light [left
: E ‖ c corresponding to Z(YY)Z; right: E ‖ a corresponding to
X(YY)X with X,Y,Z along a,b,c in Cmcm setting]. They belong to
the Ag irreducible representation in this configuration. The black line
corresponds to the fit with Gaussian functions.

In the centrosymmetric Cmcm phase relevant at room
temperature above 4 GPa, Raman-active phonons belong
exclusively to the Ag irreducible representation in our config-
uration. The mutual exclusion between Raman and infrared
activities is lifted in the noncentrosymmetric Pm phase, where
phonons can be simultaneously Raman and infrared active. In
this latter case, modes polarized along c transform as A, while
modes polarized along a transform as B.

The Raman spectra at 1.6 and 4.8 GPa are presented in
Fig. 3, together with fits using Gaussian functions for each
mode. The fitted frequencies, together with their pressure
evolution, are reported in the Supplemental Material [25].

Ab initio calculations. Phonons calculations were per-
formed for both the P21/m and P21 space groups. The
structure was first relaxed under an applied pressure of 6 GPa,
starting from the x-ray diffraction structural model (indeed,
the 5 GPa calculations did not converge, most probably be-
cause the phase transition is close to this pressure in the DFT
calculations). The frequencies of the computed lattice dynam-
ics suggest that both structures are dynamically stable. Table I
displays the DFT and experimental results in the irreducible
representations (irreps) in which we have IR low-temperature
measurements for comparison. The E ‖ c IR measurements
correspond to the Au irrep in the P21/m group and A in the
P21 group, while the E ‖ a IR measurements correspond to
the Bu irrep in the P21/m group and B in the P21 group.

As we can see immediately, in the P21/m group, the
phonon mode at 284 cm−1 for E ‖ c cannot be assigned to
any computed mode, while all modes can easily be assigned
in the P21 group. In fact, this mode is close in energy to two
Ag modes of the P21/m group (see the SM [25]), in agreement
with the loss of the inversion center. Moreover, although it is
less critical, the mode at 267 cm−1 for E ‖ c deviates, from the
last calculated phonon at 252 cm−1, further than the typical
uncertainty, which is of the order of 8 cm−1. Finally, despite
the fact that the Raman spectra have been measured at 300 K
and thus should somewhat deviate from our 0 K calculations,
one can see that the mode at 197 cm−1 for E ‖ a cannot be
associated to any computed Ag modes (see Fig. 3 and the
SM [25]).
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FIG. 4. Energy difference along the soft P21/m to P21 phonons
mode. The black curve uses the P21/m density as a starting point for
the self-consistent process, while the blue one uses the density of the
minimum energy point of the black curve.

From all these arguments, we can reasonably conclude that
the high-pressure low-temperature phase crystallizes in the
P21 group.

Since the high-pressure space group P21 is not a subgroup
of the ambient-pressure one Pm, the transition is expected to
be first order. Of course, we cannot exclude the theoretical
possibility of an intermediate phase with P21/m symmetry
in a narrow pressure range. In such a scenario, the structural
evolution would proceed via two successive second-order
transitions. The first-order transition senario is supported by
the observation of a slight coexistence of phonon modes
around 4 GPa in the E ‖ a polarization configuration. How-
ever, this observation could also be attributed to a pressure
gradient within the sample, leading to spatial phase separation
and the coexistence of domains corresponding to different
structures. The two-transitions scenario is supported by the
flatness of the energy surface between the P21/m and P21

structures (see Fig. 4). Although the distorted P21 structure
clearly corresponds to an energy minimum, the distortion
itself remains weak, with atomic displacements of the or-
der of ∼0.005 Å, comparable to those found in spin-driven
multiferroics. Moreover, even for displacements as large as
0.03 Å, the energy difference remains within a few meV.
This suggests that a transition pathway involving two suc-
cessive second-order transitions is, in principle, possible.
Nevertheless, we consider this explanation unlikely, as the
coexistence occurs over a pressure range of approximately

0.5 GPa, which exceeds the expected pressure gradient in the
cell at such low pressure. In conclusion, although a multistep
transition pathway cannot be ruled out, the most likely sce-
nario remains that the structural transition is first order.

Conclusion. Through a combined experimental and the-
oretical approach, including x-ray diffraction, infrared and
Raman spectroscopies, and ab initio calculations, we have
determined the atomic structure of the high-pressure, low-
temperature phase of BaFe2Se3 in which superconductivity
emerges. Our results demonstrate that this phase crystallizes
in the polar P21 space group, establishing BaFe2Se3 as a
rare example of a quasi-one-dimensional noncentrosymmetric
superconductor [36,37]. The absence of inversion symmetry
allows, in the presence of antisymmetric spin-orbit cou-
pling, for the mixing of spin-singlet and spin-triplet pairing
channels, among other exotic phenomena [21–23,38,39]. In
Fe-based systems, where the intrinsic spin-orbit coupling is
moderate, such mixing is expected to be limited; nevertheless,
broken inversion symmetry qualitatively alters the allowed
superconducting pairing states. These findings provide a
well-defined structural foundation for future investigations
of superconductivity in reduced dimensionality and highlight
BaFe2Se3 as a particularly promising platform for exploring
the interplay between lattice symmetry, magnetism, and su-
perconductivity in iron-based materials.
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